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Xenopus laevisspeciﬁed by signaling centers secreting antagonizing morphogens that form a
signaling gradient. Yet, how morphogen gradient is translated intracellularly into fate decisions remains
largely unknown. Here, we report that p38 MAPK and CREB function along the dorsal–ventral axis in
mesoderm patterning. We ﬁnd that the phosphorylated form of CREB (S133) is distributed in a gradient along
the dorsal–ventral mesoderm axis and that the p38 MAPK pathway mediates the phosphorylation of CREB.
Knockdown of CREB prevents chordin expression and mesoderm dorsalization by the Spemann organizer,
whereas ectopic expression of activated CREB-VP16 chimera induces chordin expression and dorsalizes
mesoderm. Expression of high levels of p38 activator, MKK6E or CREB-VP16 in embryos converts ventral
mesoderm into a dorsal organizing center. p38 MAPK and CREB function downstream of maternal Wnt/β-
catenin and the organizer-speciﬁc genes siamois and goosecoid. At low expression levels, MKK6E induces
expression of lateral genes without inducing the expression of dorsal genes. Loss of CREB or p38 MAPK
activity enables the expansion of the ventral homeobox gene vent1 into the dorsal marginal region,
preventing the lateral expression of Xmyf5. Overall, these data indicate that dorsal–ventral mesoderm
patterning is regulated by differential p38/CREB activities along the axis.
© 2008 Elsevier Inc. All rights reserved.Introduction
The dorsal–ventral axis of Xenopus is determined in the earliest
stages following egg fertilization. Cortical rotation in the ﬁrst cell cycle
establishes stabilized β-catenin on the dorsal side of the embryo (Tao
et al., 2005). The Spemann organizer is then formed at the blastula
stage in the dorsal equatorial region. By early gastrula stages, the
organizer functions as a signaling center inducing axial speciﬁcation
(reviewed in (Dawid and Taira, 1994; Harland and Gerhart, 1997;
Heasman, 1997; Kessler and Melton, 1994; Moon and Kimelman,
1998). The organizer is characterized by its non-autonomous
patterning of neighboring mesoderm cells. Organizer cells secrete
antagonists of bone morphogenetic proteins (BMPs), such as Noggin,
Chordin and Follistatin (De Robertis et al., 2000). These diffusible
molecules neutralize ventrally produced BMPs (Piccolo et al., 1996;
Zimmerman et al., 1996).
Recently, we suggested a role for the p38 mitogen-activated
protein kinase (MAPK) pathway in mesoderm patterning and
myogenic expression during early Xenopus development (Keren et
al., 2005). Our data indicated that knockdown of p38α (p38α AMO)Dorsal Marginal Zone; DLMZ,
ntisense Morpholino Oligonu-
l rights reserved.prevented the expression of the myogenic determination gene, Xmyf5
in gastrulae. Yet, we did not identify where the p38 MAPK pathway
functions, whether it is sufﬁcient to specify dorsal mesoderm, and
which molecules function downstream and upstream of this pathway.
The CREB (cAMP response element binding protein) transcription
factor is a downstream candidate, since phosphorylation of its serine
133 (mouse numbering) can be induced by p38 MAPK (Arthur and
Cohen, 2000; Delghandi et al., 2005). Phosphorylation at serine 133 is
known to induce its transcriptional activity (Montminy, 1997;
Shaywitz and Greenberg, 1999). Interestingly, in our previous study
we detected high levels of phosphorylated CREB in dorsal lateral
marginal zone (DLMZ) explants. Therefore, in the present study, we
further analyzed the interactions between p38 MAPK and CREB in
mesoderm patterning.
The role of CREB during early Xenopus development was
previously analyzed (Lutz et al., 1999; Sundaram et al., 2003). In
one study, maternal CREB was shown to regulate the expression of
a speciﬁc subset of zygotic mesodermal genes including Xbra and
nkx2.5, indicating its involvement in mesoderm speciﬁcation
(Sundaram et al., 2003). In a second work, zygotic CREB was
shown to have a role in trunk mesoderm maintenance. Initial
mesoderm induction was not dependent on zygotic CREB function,
since genes like XmyoD and muscle actin were expressed in CREB-
inactivated embryos. However, at later taibud stages somites did
not display their typical chevron-like structure but rather a
disorganized structure (Lutz et al., 1999). This phenotype is highly
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suggesting that CREB and p38 may share the same pathway
(Keren et al., 2005).
In the present studywe present data indicating that p38MAPK and
CREB are part of a speciﬁc pathway functioning in mesoderm
patterning. At high levels of activity, this pathway induces the
expression of the morphogen chordin, and thereby functions non-
autonomously to pattern mesoderm. At lower levels, it induces the
expression of lateral mesoderm genes. The dorsalizing activity of the
p38-CREB pathway limits the expression of Vent homeodomain
proteins to the ventral mesoderm. Therefore, this pathway functions
to pattern mesoderm.
Materials and methods
Embryonic manipulation
Ovulation, in vitro fertilization, embryo culture and dissections
were carried out as described (Re'em-Kalma et al., 1995). Embryos
were staged according to (Nieuwkoop and Faber, 1967). Ventral
marginal zone (VMZ) dorsal marginal zone (DMZ) explants were
removed at stage 10–10.25, and cultured to different stages as
described (Bonstein et al., 1998). Animal cap explants were removed
at stage 8–9, and cultured to different stages as described.
Recombinant explant experiments: AC, VMZ or DMZ explants
ectopically expressing Wnt8, MKK6E, CREB-VP16 CREB AMO, were
typically conjugated with naïve AC or VMZ explants. In one
experiment, DMZ explants from uninjected embryos were conjugated
with VMZ explants from CREB AMO injected embryos. Explants were
aged until sibling embryos reached late gastrula stages. Explants were
ﬁxed for whole-mount in-situ hybridization or sectioned for
immunostaining.Fig.1. A gradient of phospho CREB along the dorsal–ventral axis of themarginal zone. (A) Emb
were cultured until sibling embryos reached stage 15. Proteins were extracted and used to a
Albino embryos (n=31) at stage 10.25were stained with primary antibody to phospho CREB, a
nuclear staining. Right panel: DMZ, DLMZ and VMZ explants (n=18) were isolated at stage 10
and anti tubulin antibodies. (C) Transcripts of wnt8 (500 pg) were injected into one cell embr
gastrula, sectioned and immunostained with antibodies to phospho CREB.Microinjections
Capped synthetic RNA of activated MKK6 (MKK6E) (0.1 ng), CREB-
VP16 (0.15 ng), XWnt8 (0.1–0.5 ng), nuc-βgal (0.1 ng), Chordin (0.1 ng),
Siamois (0.1 ng), Goosecoid (50 pg) and four morpholino antisense
oligonucleotides from Gene Tools, CREB (5′CACTGCCTCCTCTCCGTCA-
CATTGG3′), Xp38α, (5′GACGTAAGATTGATTGGATGACATA3′), XVent1
(5′ATAGAGAATCCCTGTTGAACCATGC3′) XVent2 (5′TTTAGT-
CATCTTGTCTGTATTAGTC3′) were injected into the marginal zone of
one, two or four cell-stage embryos in 0.3xMR containing 3% Ficoll.
Reporter gene plasmids (pTal CRE-Luc (Clonetech), TOP FLASH-Luc,
- 155gsc/Luc (Watabe et al., 1995)) were injected at a concentration of
25 pg/embryo. Extract preparation and luciferase assays were
performed using the Luciferase Assay System (Promega) and activity
was measured using a Berthold luminometer. Luciferase activity was
normalized to total protein concentration.
Western blot analysis
Protein extracts were prepared as described (Zetser et al., 2001).
Equal amounts of proteins were loaded (40 μg), separated by SDS-
polyacrylamide gel electrophoresis, and transferred to nitrocellulose
ﬁlters by standard methods. Primary antibodies to CREB, phospho
CREB, ERK (Cell Signaling), α tubulin, HA epitope (Sigma). Secondary
HRP-conjugated antibody was detected using the Pierce SuperSignal
chemiluminescence detection system.
Whole mount in situ hybridization (WISH) and immunohistochemistry
WISH was carried out with digoxigenin-labeled probes (Harland,
1991; Hemmati-Brivanlou et al., 1990; Zetser et al., 2001) Embryos
were cultured to different stages and subsequently ﬁxed for in situryos (n=18) were injected with the pTal-CRE-Luc reporter gene. VMZ and DMZ explants
ssay luciferase activity. The values are the average of three experiments. (B) Left panel:
nd a streptavidin–peroxidase conjugate secondary antibody.White arrowheads point at
.25, proteins were extracted and analyzed byWestern blotting using anti phospho CREB
yos (n=3). Animal cap explants were isolated (Stage 8.5). AC explants were ﬁxed at late
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Moon, 1993), Xvent1 (Gawantka et al., 1995) and muscle actin
(Hemmati-Brivanlou et al., 1990) speciﬁc probes were used. Whole-
mount immunostaining was performed as described (Brivanlou and
Harland, 1989). For immunohistochemistry on sections, slides were
deparafﬁnized and hydrated with a decreased alcohol gradient. Then
sections were blocked with goat serum for 1 h following 12 h
incubationwith the primary antibody (12/101). Slides were incubated
with a secondary rhodamine-conjugated antibody, counterstained
with TO-PRO-3 and were visualized by confocal microscopy. Alter-
natively, deparafﬁnized parafﬁn sections were reacted for 14 h at 4 °C
with antibody to pCREB (1:40). This was followed by incubation with
an appropriate biotinylated secondary antibody, streptavidin–perox-
idase conjugate, and S-(2-aminoethyl)-L-cysteine (AEC) as a substrate
(Histostain-SP kit; Zymed Laboratory, San Francisco, CA, USA). Similar
procedure was performed on whole embryos, accept that embryos
were pre-incubated with H2O2: Methanol (1:10) to inactivate
endogenous peroxidase.
RT-PCR
RT-PCR was performed as described (Wilson and Melton, 1994),
except that random hexamers (100 ng per reaction) were used forFig. 2. Knockdown of CREB prevents the Spemann organizer function in mesoderm patternin
proteins were analyzed by Western blotting, using anti CREB and anti tubulin antibodies.
hybridization was performed with probes to chordin and goosecoid. (C) CREB AMO was injec
cell embryos. In situ hybridization was performed with a probe to chordin. (D) Embryos we
cultured until sibling embryos reached stage 15. Control explants were dissected from uninje
was isolated. RT-PCR analysis was performed. (F) DMZ explants were dissected at stage 10.25
RT-PCR analysis was performed. (G) Upper panel: Pigmented embryos (P) were injected with
embryos (A). Conjugates were grown to stage 15 and in situ hybridization was performed w
encoding β-gal, without or with CREB AMO. DMZ explants from these embryos were conjuga
15 and in situ hybridization was performed with a probe to muscle actin. Light blue correspreverse transcription. Primers for EF1α (Hemmati-Brivanlou and
Melton, 1994), XmyoD (Nicolas et al., 1998), and muscle actin (Wilson
and Melton, 1994) Xmyf5 (Shi et al., 2002), Xvent1(Gawantka et al.,
1995), chordin (Sasai et al., 1994), gata2 (Kelley et al., 1994), xnr2 and
vegT (Kennedy et al., 2007) were described. Noggin, follistatin, Xnot are
described in http://www.xenbase.org.
Results
CREB is differentially phosphorylated along the dorsal–ventral axis
In our previous work (Keren et al., 2005) we noticed that CREB
was phosphorylated in the dorsal mesoderm but not in ventral
mesoderm during gastrula stages. Moreover, dorsalization of ventral
mesoderm by Noggin treatment induced CREB phosphorylation at
serine 116 (homologue of mouse S133). To further analyze the
transcriptional activity of CREB during these developmental stages,
we injected a CRE-luciferase reporter gene into embryos and isolated
DMZ (dorsal marginal zone) and VMZ (ventral marginal zone)
explants. Transcription originating from the reporter was signiﬁcantly
higher in DMZ than in VMZ explants (Fig. 1A). Next, phosphorylated
CREB was detected by immunohistochemical staining of gastrulating
embryos (10.25). Intense nuclear staining was observed at the dorsalg. (A) CREB AMOwas injected to embryos. DMZ explants were extracted at stage 15 and
(B) Embryos were injected with CREB AMO and cultured until gastrula (10.25). In situ
ted to one cell embryos. XWnt8 transcripts were injected to ventral blastomeres in four
re injected with CREB AMO. DLMZ explants (n=36) were dissected at stage 10.25 and
cted embryos. (E) DLMZ explants (n=18) were treated as described in panel D. Total RNA
from control embryos and embryos injectedwith CREB AMO. Total RNAwas isolated and
CREB AMO. DMZ explants were isolated and conjugated with VMZ explants from albino
ith a probe to muscle actin. Lower panel: Albino embryos were injected with transcripts
ted with VMZ explants from untreated albino embryos. Conjugates were grown to stage
onds to β-gal; Dark blue corresponds to muscle actin staining.
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CREB staining gradually declined towards the ventral marginal zone.
Different amounts of phosphorylated CREB were also observed in
explants derived from DMZ, DLMZ and VMZ; the highest in DMZ and
the lowest in VMZ (Fig. 1B) Phosphorylated CREB in the DMZ
indicates that it is localized in the Spemann organizer. Since nuclear
Wnt/β-catenin signaling is a critical event in the formation of the
Spemann organizer, we analyzed whether this pathway also induces
CREB phosphorylation. Wnt8 transcripts were injected into embryos,
and animal cap explants were isolated and sectioned. Intense nuclear
staining of phospho CREB was detected only in explants from
embryos injected with wnt8 (Fig. 1C). Siamois and Goosecoid
homeodomain proteins are activated by Wnt/β-catenin signaling
and induce the expression of organizer genes (De Robertis et al.,
2000). Transcripts encoding Siamois or Goosecoid were injected to
embryos, and phospho CREB was analyzed on sections of VMZ
explants (Supplementary Fig. 1). Phospho CREB was detected in
injected explants. Together, the above results indicate that the CREB
protein is phosphorylated at the organizer region, and molecules
participating in organizer formation and maintenance induce CREB
phosphorylation.
Morpholino-mediated knockdown of CREB prevents organizer function
in mesoderm patterning
To analyze the possible role of CREB in mesoderm patterning,
antisense morpholino (AMO) to Xenopus CREB was injected to
embryos. The endogenous levels of CREB protein were analyzed in
DMZ explants (Fig. 2A). CREB protein level was reduced by about 80%.
To evaluate the speciﬁcity of CREB knockdown, CREB morpholino was
co-injected with a transcript encoding a constitutively active CREB-
VP16 chimera protein (Supplementary Fig. 2). Ectopic CREB-VP16
rescued the expression of Xmyf5 that was low in DLMZ explants of
CREB AMO-injected embryos.
Injected embryos did not have any major gastrulation defects,
though the process was delayed. Embryos developed through tailbudFig. 3. Expression of CREB-VP16 is sufﬁcient to pattern mesoderm. (A) A pTal-CRE-Luc repo
VP16. 18 VMZ explants for each treatment were isolated at stage 10.25 and were grown to st
average of three experiments. (B) Transcripts encoding CREB-VP16 were injected to one cell e
isolated and RT-PCR analysis was performed. (C) Pigmented embryos (P) were injected with
explants from albino embryos (A). Conjugates were grown to stage 15 and in situ hybridizatio
were used as negative controls. (D) Transcripts encoding active Alk4 and transcripts encodin
explants were isolated and cultured until sibling embryos reached stage 11 or 15. Total RNAstages but did not fully elongate and had a hyper-ventralized
phenotype (not shown). Similar morphological defects were reported
in a previous work that used a conditional dominant negative CREB
(Lutz et al., 1999). First, we analyzed whether knockdown of CREB
affected organizer-speciﬁc expression. The expression of goosecoid
was not affected while that of chordin was signiﬁcantly reduced (Fig.
2B). Moreover, knockdown of CREB largely inhibited whole meso-
derm chordin expression induced by ventral injection of wnt8
transcripts (Fig. 2C). This effect of CREB AMO was speciﬁc, since it
did not modify β-catenin transcriptional activity induced by injected
wnt8 transcripts (data not shown). Second, convergent extension
movements typical to dorsal lateral mesoderm (DLMZ) were
investigated in CREB knockdown embryos. DLMZ explants isolated
from control embryos elongated while those from AMO-injected
embryos failed to elongate (Fig. 2D). Third, we analyzed how
knockdown of CREB affected the expression of myogenic markers
expressed in the DLMZ. Knockdown of CREB prevented the expres-
sion of Xmyf5 and desmin and reduced the expression of XmyoD and
muscle actin (Fig. 2E). Forth, the expression of a panel of mesodermal
markers was compared between control and DMZ explants treated
with CREB AMO (Fig. 2F). Knockdown of CREB prevented the
expression of chordin and follistatin but not of noggin. It also reduced
the expression of Xnot, but did not affect xnr2. In addition, CREB
knockdown induced expression of the ventral markers vent1 and
gata2. These results indicate that CREB AMO partially transformed
the organizer into ventral mesoderm. If CREB activity is needed for
organizer function, one expect that knockdown of CREB should
prevent the non-autonomous function of the organizer. This was
investigated by conjugating DMZ explants (organizer) with VMZ
explants (Fig. 2G). The DMZ explant induced elongation and
expression of muscle actin in the adjacent VMZ-explant, typical of
dorsal lateral mesoderm. A DMZ explant, isolated from embryos pre-
injected with CREB AMO did not induce similar changes on the
adjacent VMZ explant, indicating that CREB deﬁciency in DMZ
prevented its non-autonomous patterning activity on ventral
mesoderm. To further analyze if CREB functions downstream of therter gene was injected to one cell embryos without or with transcripts encoding CREB-
age 13. Proteins were extracted and used to assay luciferase activity. The values are the
mbryos. VMZ explants (n=18) were isolated and were grown to stage 15. Total RNAwas
transcripts encoding CREB-VP16. VMZ explants were isolated and conjugated with VMZ
nwas performed with a probe tomuscle actin. VMZ conjugates from uninjected embryos
g CREB-VP16 were injected separately or combined into embryos (n=18). At stage 9, AC
was isolated and RT PCR analysis was preformed.
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transcription factors were injected to embryos together with CREB
AMO. Knockdown of CREB did not affect the transcriptional activity
of Siamios on the Goosecoid promoter-reporter gene (Supplementary
Fig. 3A). However, it completely prevented the expression of chordin
induced by siamois or goosecoid in VMZ (Supplementary Fig. 3B). The
results indicate that CREB functions to induce chordin expression
downstream of Siamois and Goosecoid.Fig. 4. The p38 pathway affects CREB phosphorylation and activity. (A) Two concentrations of
at stage 10.25. Proteins were extracted and analyzed by Western blotting using anti phosph
transcripts encoding MKK6E. VMZ explants (n=10) were dissected at stage 10.25 and cultu
Transcripts of MKK6E (100 pg) were injected into one cell embryos (n=3). VMZ explants we
antibodies to phospho CREB (left panel). A pTal-CRE-Luc reporter gene was injected to one
isolated at stage 10.25 and were grown to stage 13. Proteins were extracted and used to ass
MKK6E transcripts were injected to ventral blastomeres of four cell embryos. In situ hybri
encoding MKK6E were injected to embryos. VMZ explants (n=18) were isolated and wer
Pigmented embryos were injected with transcripts encoding MKK6E. VMZ explants (P) were
grown to stage 15 and in situ hybridization was performed with a probe tomuscle actin. VMZ
injected with transcripts encoding MKK6E without or with CREB AMO (n=18). VMZ explant
stages. Left: RNA was isolated and RT-PCR was performed. Middle: Protein extracts were prep
experiment, embryos were injected with p38 AMO without or with transcripts encoding CRConstitutively active CREB can induce organizer activity
Next, we analyzed whether active CREB could affect mesoderm
fates. For that purpose, a transcript encoding CREB-VP16 was injected
into embryos. The chimera protein functions as a constitutive CREB,
independent of its phosphorylation state. First, we analyzed the
transcriptional activity of CREB-VP16 on the CRE-Luc reporter gene
that was co-injected to embryos (Fig. 3A). Expression of CREB-VP16CREB AMO (7 and 14 ng) were injected to embryos. DMZ explants (n=10) were dissected
o CREB antibody followed by anti total CREB antibody. (B) Embryos were injected with
red until sibling embryos reached stage 14. Proteins were analyzed as in panel A. (C)
re isolated (10.25). Explants were ﬁxed at stage 14, sectioned and immunostained with
cell embryos without or with transcripts encoding MKK6E. VMZ explants (n=18) were
ay luciferase activity. The values are the average of three experiments (right panel). (D)
dization was performed at stage 10+ embryos with a probe to chordin. (E) Transcripts
e grown to stage 15. Total RNA was isolated and RT-PCR analysis was performed. (F)
isolated and conjugated with VMZ explants from albino embryos (A). Conjugates were
conjugates from uninjected embryos were used as negative controls. (G) Embryos were
s were dissected at stage 10.25 and cultured until sibling embryos reached late gastrula
ared and ectopic MKK6 was identiﬁed in Western analysis (anti HA). Right: In a second
EB-VP16 (n=18). VMZ explants were isolated as above and RT-PCR was performed.
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VMZ explants (6 fold). Next, we investigated the possibility that CREB-
VP16 could dorsalize ventral mesoderm. Injection of CREB-VP16
transcripts induced chordin and XmyoD and reduced gata2 expression
in VMZ explants (Fig. 3B). To investigate whether CREB-VP16 could
induce myogenic expression non-autonomously, VMZ explants from
CREB-VP16-injected embryos were conjugated with VMZ explants
from control embryos. Muscle actin expression was induced in VMZ
explants fromuninjected embryos only if CREB-VP16was expressed in
the adjacent explant, indicating that CREB induced muscle actin
expression non-autonomously (Fig. 3C). Activin can induce different
mesoderm fates in animal cap explants depending on its concentra-
tion (Green et al., 1992). In order to investigate whether CREB-VP16
could cooperate with Activin in patterning mesoderm, embryos were
injected with transcripts encoding activated ALK4, an Activin receptor
(Fig. 3D). Transcripts were injected at a concentration that induced the
expression of the mesodermal marker Xbra, but not the expression of
muscle markers, XmyoD and Xmyf5 in AC explants (Fig. 3D). Co-
injection of Alk4 transcripts together with transcript encoding CREB-
VP16 induced the expression of XmyoD and Xmyf5 (Fig. 3D). This
result indicates that transcriptionally active CREB could pattern
mesoderm induced by activin signaling.
Phosphorylation of CREB is induced by the p38 pathway
Interestingly, the effects of CREB AMO on mesoderm patterning
and muscle expression observed here are similar to those of p38 AMO
observed in our previous work (Keren et al., 2005). Next, we analyzed
whether the p38 MAPK pathway was involved in the phosphorylation
of CREB at serine 116 necessary for its transcriptional activity. In one
experiment, p38 AMO was injected to embryos and DMZ explants
were isolated at gastrulae. CREB phosphorylation was signiﬁcantly
decreased in p38-knockdowm explants relative to control explants,
though total CREB levels were only slightly affected (Fig. 4A). In a
second experiment, constitutively active MKK6 (MKK6E) was
expressed in embryos and VMZ explants were isolated at gastrulae.
Expression of MKK6E in VMZ explants was veriﬁed by Western
analysis (Supplementary Fig. 4). Phosphorylated CREB was detected in
extracts of VMZ explants originating from MKK6E expressing
embryos, but was absent in VMZ explants from control embryos
(Fig. 4B). Phosphorylated CREBwas also detected in ventral mesoderm
cell nuclei of MKK6E expressing embryos (Fig. 4C, immunohisto-Fig. 5. p38/CREB activity is necessary to pattern mesoderm independently of its activity in th
explants were isolated from Pigmented embryos (P) and conjugated with VMZ explants fr
immunostained with antibodies to phospho CREB. (B) Albino embryos (A) were injected w
pigmented embryos (P). Conjugates were grown to stage 15 and in situ hybridizationwas per
0.2, 0.8 ng) were injected into embryos and VMZ explants (n=18) were isolated at stage 10chemical sections). Phosphorylation of CREB is expected to increase its
transcriptional activity. CREB transcriptional activity was analyzed by
injecting the CRE-luc reporter gene into embryos. Luciferase activity
was analyzed in VMZ explants isolated from control embryos or
embryos injected with transcripts encoding MKK6E. Luciferase
activity was signiﬁcantly higher in explants expressing MKK6E (Fig.
4C). These data indicate that the p38 pathway affects CREB phospho-
rylation and transcriptional activity.
Active MKK6 induces organizer activity and dorsalizes ventral mesoderm
Next, we investigated if ectopic expression of MKK6E affected the
expression of organizer genes. Transcripts encoding MKK6E were
injected into ventral blastomeres at the four-cell stage, and the
organizer-speciﬁc marker chordin was analyzed at stage 10.25 (Fig.
4D). Ectopic expression of chordin extending past the dorsal lip region
is observed in MKK6E-injected embryos. Interestingly, MKK6E did not
affect the expression of goosecoid (Supplementary Fig. 5A), nor did it
affect a reporter gene carrying the goosecoid promoter (Supplementary
Fig. 5B) further indicating that p38 MAPK functions downstream of
gooscoid. MKK6E induced expression of chordin and of lateral and
dorsal mesodermal markers (ie; XmyoD, Xnot), while reducing the
expression of a ventral marker (gata2) in VMZ explants (Fig. 4E). To
explore whether MKK6E could inducemyogenic gene expression non-
autonomously; VMZ explants from MKK6E-injected embryos were
conjugated with VMZ explants from uninjected embryos (Fig. 4F).
Muscle actin expression was induced in VMZ explants only if MKK6E
was expressed in the neighboring explant, indicating that MKK6
functioned non-autonomously to dorsalize mesoderm. To investigate
whether CREB was needed for the mesoderm patterning activity of
MKK6E, CREB AMOwas co-injected with transcripts encoding MKK6E,
and VMZ explantswere isolated (Fig. 4G). Knockdown of CREB reduced
MKK6E-mediated Xmyf5 expression in VMZ explants though the
protein levels of MKK6E remained unchanged (Fig. 4G). In a second
experiment, p38AMOpreventedXmyf5mRNA levels inDLMZexplants,
and co-injection of CREB-VP16 restored Xmyf5 expression. Therefore,
CREB is downstream of the p38 pathway in mesoderm patterning.
Differential p38-CREB activities determine various mesodermal fates
The gradient of phospho CREB extending the organizer boarders
(see Fig. 1B) indicated that the organizer may affect phosphorylatione organizer. (A) DMZ induces CREB phosphorylation distantly in VMZ explant cells. DMZ
om albino embryos (A). Conjugates were grown and ﬁxed at stage 14, sectioned and
ith CREB AMO. VMZ explants were isolated and conjugated with DMZ explants from
formed with a probe tomuscle actin. (C) Three concentrations of MKK6E transcripts (0.1,
.25. Total RNA was isolated and RT-PCR analysis was performed.
Fig. 6. p38/CREB and Vents antagonize in mesoderm patterning. (A) Embryos were injected with either p38 AMO or with CREB AMO, DLMZ explants (n=18) were dissected and
cultured until sibling embryos reached stage 13. Total RNAwas isolated and RT PCR analysis was performed. (B) Embryos were injected with CREB AMO or with p38 AMO. Vent1was
detected by whole mount in-situ hybridization performed on stage 10.25 embryos. (C) 1; Vent1 and vent2 AMOs were injected, separately or combined, to embryos. VMZ explants
were dissected at stage 10.25 and cultured until sibling embryos reached stage 14. Total RNAwas isolated and RT PCR analysis was preformed. 2; CREB AMO was injected without or
with a mixture of vent1 and vent2 AMOs to embryos. DLMZ explants were dissected at stage10.25 and cultured until sibling embryos reached stage 14. Total RNAwas isolated and RT
PCR analysis was preformed.
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DMZ explants were conjugated with VMZ explants and CREB
phosphorylation was analyzed (Fig. 5A). Phospho CREB was clearly
detected in DMZ and also in regions of VMZ distant from the
conjugated DMZ explant. Since, phospho CREB was not detected in
two conjugated VMZ explants (not shown and see Fig. 4C), we
conclude that the DMZ explant induced the phosphorylation of CREB
in the adjacent VMZ explant. Since DMZ explant can induce muscle
actin expression in an adjacent VMZ explant (see Fig. 2G), we then
investigated whether the expression of CREB was necessary at the
VMZ target cells. DMZ explants were conjugated with VMZ explants
from embryos pre-injected with CREB AMO (Fig. 5B). Under these
conditions, muscle actin was not detected in the VMZ explants.
Therefore, active CREB is not only necessary for the function of the
organizer (see Figs. 2, 3), but is also necessary at the patterned lateral
mesoderm. The dorsal–ventral gradient of phospho CREB (see Fig. 1)
and its function outside the organizer region (Fig. 5B) indicated that
mesodermal fates may be determined by differential p38/CREB
activity. To investigate this possibility, several transcript concentra-
tions encoding MKK6E were injected to embryos, VMZ explants were
isolated and the expression of mesoderm markers was analyzed by
RT-PCR (Fig. 5C). Low levels of MKK6E mostly reduced the expression
of ventral markers (gata2, vent1), higher levels induced the expression
of lateral mesoderm markers (XmyoD), while high levels mostly
induced dorsal markers (Xnot, chordin) and reduced lateral markers
(XmyoD). These results support a model in which a dorsal–ventral
gradient of p38 MAPK/CREB activity speciﬁes mesoderm fates along
the axis.
The p38-CREB pathway antagonizes Vent expression
Vent homeobox genes (vent1 and vent2) expression is induced by
BMP4 signaling in ventral mesoderm. Vents repress the expression of
Spemann's organizer genes (Gawantka et al., 1995; Onichtchouk et al.,
1996; Ramel et al., 2005; Ramel and Lekven, 2004), while Spemann's
organizer activity antagonizes the expression of Vents (Sander et al.,
2007). As part of the organizer, p38-CREB could be expected toantagonize vent1. Knockdown of p38 or of CREB caused a signiﬁcant
increase in vent1 levels in DLMZ explants (Fig. 6A). The increased
levels of vent1 in DLMZ explants reﬂects the expansion of its
expression into more dorsal marginal zone domains, as is observed
by whole mount in situ of vent1 in gastrulating embryos (Fig. 6B).
These results indicate that normally, the p38-CREB pathway functions
to antagonize the expression of vent1 in the dorsal and lateral
mesoderm domains. Since Vents function as transcriptional repressors
of Xmyf5 (Polli and Amaya, 2002), and knockdown of CREB eliminated
dorsal lateral expression of Xmyf5 (see Fig. 2E), we analyzed whether
preventing the expression of both Vents and CREB restores Xmyf5
expression in the DLMZ. To downregulate expression of Vents,
antisense morpholinos to vent1 and vent2 were injected to embryos
(Polli and Amaya, 2002). Expression of chordin is repressed by both
vent genes in the ventral mesoderm of Zebraﬁsh (Imai et al., 2001).
Therefore, only simultaneous knockdown of Vent 1 and 2 should
result with chordin expression in ventral mesoderm. Indeed, AMOs to
each vent did not induce chordin expression, but AMOs to both vents
induced the expression of chordin and Xmyf5 in VMZ explants (Fig. 6C-
1). Knockdown of CREB alone reduced the expression of Xmyf5 in the
DLMZ (Fig. 6C-2), likely due to the expansion of Vents (see Figs. 6A, B).
Indeed, simultaneous knock down of Vents (1 and 2) and CREB
restored expression of Xmyf5 in the DLMZ similarly to control explants
(Fig. 6C-2). These results indicate that both dorsal (CREB) and ventral
(Vents) activities are dispensable for the correct expression of Xmyf5
in the DLMZ.
Discussion
The dorsal–ventral axis of the embryo is formed by the opposing
functions of two signaling centers at the ventral and dorsal extremes
of the gastrulating embryo. The zygotic transcription factor Siamois
contribute to the organizer formation at early blastula (Brannon et al.,
1997; Lemaire et al., 1995; Sakai, 1996). Ectopic ventral expression of
Siamois induces a second organizer and complete axial duplication
(Engleka and Kessler, 2001). Siamois coordinates the expression of
other organizer genes like goosecoid, xnr3, chordin, noggin and
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patterning activity of the organizer is achieved by secretion of
morphogens like Chordin, Noggin and Follistatin, antagonizers of
BMP signaling (Khokha et al., 2005). Still, the events occurring
between Siamois expression at blastula stages and the secretion of
BMP antagonists at gastrula stages are largely unknown. In this work,
we uncovered an intracellular pathway of p38 MAPK and the CREB
transcription factor mediating the function of the Spemann organizer
and subsequently in mesoderm tissues responding to the signals
produced by the organizer. Several ﬁndings indicate the involvement
of this pathway in organizer activity. First, CREB is highly phosphory-
lated at the dorsal mesoderm in late blastula-early gastrula stages.
Second, organizer forming activities of Wnt/β-catenin, Siamois and
Goosecoid induced the phosphorylation of CREB. Third, knockdown of
CREB signiﬁcantly reduced expression of the organizer secreted
molecule, chordin. It also prevented the non-autonomous dorsalizing
activity of DMZ on conjugated VMZ explants, indicating that CREB is
required for organizer activity. Moreover, expression of dominant-
active CREB-VP16 is sufﬁcient for patterning mesoderm. Fourth, we
present evidence indicating that the p38MAPK pathway is involved in
the phosphorylation of CREB. Also, activation of the p38 MAPK
pathway via activated MKK6 is sufﬁcient to induce the expression of
chordin and to pattern mesoderm non-autonomously, in a CREB-
dependent manner. Our results indicate that p38/CREB is sufﬁcient for
partial Spemann's organizer activity; the establishment of the dorsal–
ventral axis. p38/CREB activity did not induce the expression of
anterior neural markers in animal cap explants (A.K., unpublished
data). Additionally, p38/CREB appears to function downstream of
siamois and goosecoid, and to induce the expression of chordin, but not
of noggin (Piccolo et al., 1996). The selective regulation of chordin and
not of noggin may explains why p38 or CREB knockdown does not
cause catastrophic patterning defects (Khokha et al., 2005). Also, the
late function of p38/CREB relative to genes essential for the establish-
ment of organizer, like siamois, indicates that this pathway is
necessary for the maintenance of the organizer.
An interesting question remaining is which of the known organizer
signals activate the p38 pathway. The early maternal signaling events
leading to organizer formation are Wnt/β-catenin and Nodal (TGFβ).
Our results indicate that Wnt/β-catenin induces the phosphorylation
of CREB. Clearly, nuclear β-catenin is involved in the transcription of
many genes, including siamois and goosecoid, master regulators of the
organizer. Since we ﬁnd that p38 functions downstream to these
transcriptional regulators, we may consider the involvement of
complicated transcriptional networks indirectly affecting p38 MAPK.
Wnt/β-catenin activity induces FGF4 expression and FGF signaling
(Schohl and Fagotto, 2003). We ﬁnd that like Wnt/β-catenin, FGF4
induces the phosphorylation of CREB (A.K, unpublished data). There-
fore, one possible mode of p38 activation is via secretedmediators like
FGFs. The dorsal–ventral gradient of phospho CREB observed in this
study is reciprocal to BMP ventral–dorsal activity along the axis. In a
previous study we observed that treatment of VMZ explants with
Noggin induced CREB phosphorylation (Keren et al., 2005). Therefore,
high levels of BMP signaling somehow repress the p38 pathway and
vise versa. The mechanisms of p38 activation should await further
studies.
The gradient of phospho CREB along the D–V axis indicates that
the active protein may pattern mesoderm independently of its role
in the organizer. This was examined by two approaches. In the ﬁrst,
knockdown of CREB in a VMZ explant that was conjugated with
DMZ explant ("organizer") prevented the non-autonomous dorsali-
zation of the VMZ explant. Thus, CREB expression is necessary at
the patterned mesoderm. In the second, different levels of
transcripts encoding an active variant of MKK6 were injected, and
their effects on mesoderm patterning of VMZ explants were
analyzed. At low levels, MKK6 induced the expression of lateral
markers, while reducing ventral markers. At high levels, MKK6induced dorsal markers, while reducing lateral markers. Thus, a
model can be proposed to explain the function of p38/CREB in
mesoderm patterning. High activity at the dorsal end speciﬁes at
least in part the organizer, by regulating chordin expression. Lower
activity at the lateral domain regulates the expression of lateral
genes, like XmyoD and Xmyf5. Low or no activity at the ventral end
is necessary for the expression ventral genes like gata2 and vent1.
Future systematic analysis should clarify how different levels of
CREB activity selectively induce the expression of distinct patterning
genes.
The p38MAPK/CREB at the organizer is part of a signaling pathway
antagonizing ventrally originated BMP morphogens. Since, Vent 1, 2
homeodomain proteins expression is regulated by BMP signaling, p38/
CREB prevents their expression dorsally. The antagonizing activities of
the dorsal and ventral centers are a major patterning determinant of
the dorsal–ventral axis. Since, Vents antagonize the expression of
lateral genes such as Xmyf5 (Polli and Amaya, 2002) it may not be
surprising that triple knockdown of CREB and Vents (1 and 2) allows
the expression of Xmyf5 in dorsal lateral mesoderm. Thus, CREB
regulates at least in part the expression of Xmyf5 by repressing its
Vent repressors. Similar relationships between Goosecoid and Vents
in mesoderm patterning were recently demonstrated (Sander et al.,
2007). Therefore, the role of p38 MAPK/CREB as part of the Spemann
organizer is to ﬁne tune the expression of Vents by excluding them to
the ventral regions.
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